We have developed and validated catheterization protocols in mice that allow for simultaneous infusion and sampling. A sampling catheter was inserted in the lateral vein of the tail, while the animals were infused either intravenously or intragastrically through a second catheter placed in the contralateral lateral vein or via an intragastric catheter, respectively. The applicability of these methods of infusion and blood sampling were validated by conducting urea kinetics utilizing stable isotopes. These non-surgical procedures are non-invasive, inexpensive, fast to perform and animals do not require a recovery period before their use.
Gene knockout and transgenic techniques have allowed for the creation of new mouse models; it is estimated that published knockouts exist for about 10% of mouse genes (Austin et al. 2004) . While these models can be rapidly characterized at the molecular level, metabolic phenotyping has lagged behind. Furthermore, the use of stable isotopes, which have proven essential in dissecting metabolic pathways and characterizing metabolic disorder in humans and animal models (Lee et al. 2000 , Burgess et al. 2005 , have seldom been employed in mice. For example, a urea cycle disorder model, the spf-ash mouse, has been known of for more than 30 years (Doolittle et al. 1974) . This spontaneous mutation has been described at the gene (Hodges & Rosenberg 1989) , transcript (Rosenberg et al. 1983 ) and protein level (Dubois et al. 1988) . Furthermore, the spf-ash mouse has also been used as a model for gene therapy (Batshaw et al. 1995) . However, until now, no measurements of urea production have been conducted in vivo in mice.
Current intravascular catheterization procedures in mice include anaesthesia, skin incision, ligation of an external jugular vein and exteriorization of the catheter by tunnelization (Mokhtarian et al. 1993 , Bardelmeijer et al. 2003 . Similarly, the placement of a gastric tube, done by gastrostomy (Deaciuc et al. 2004) , requires anaesthesia and the opening of the stomach. Although an expert surgeon can carry out this procedure in 15-20 min, animals need at least a 48 h recovery period before they can be utilized. A rapid and less invasive procedure would make it possible to metabolically phenotype animals on a greater scale and with greater reliability.
We have established non-surgical alternatives to these invasive procedures that permit for the immediate use of the experimental animals. The applicability of these protocols for isotopic studies and metabolic phenotyping was demonstrated by continuous and bolus infusion of 15 N 15 Nurea and multiple blood sampling.
Materials and methods

Animals, feeding and husbandry
All the experiments were performed on male B6EiC3Sn a/A-Otcoþ4(wild type) mice obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Animals were between 46 and 55 days of age and weighed between 20 and 25 g.
Animals were housed in an SPF facility, caged in pairs and had access to autoclaved pelleted feed (Harlan Teklad LM-485 Autoclavable Rat/Mouse Diet) and autoclaved reverse osmosis water at all times. Animals were under a 12 h light cycle in a temperature (22721C) and humidity (5575%) controlled environment. All animal procedures were authorized by the University of Illinois Institutional Animal Care and Use Committee.
Catheters
Intravascular catheters were made of PolyTetraFluoroEthylene (PTFE) (0.15 mm ID, 0.30 mm OD, SUBL-120 Braintree Scientific, Braintree, MA, USA) and silastic tubing (0.30 mm ID, 0.64 mm OD, Dow Corning, Midland, MI, USA; Figure 1 ). Whereas the semi-rigid PTFE tubing offers superior lubricity, sliding easily into small vasculature, the flexible silastic tubing allows for the clamping and occlusion of the catheter without any damage. A stainless steel guide wire (diameter 0.14 mm, Small Parts, Inc, Miami Lakes, FL, USA), allowed for an easier insertion of the catheter into the tail vein. Catheters were autoclaved at 1211C for 20 min. The estimated catheter volume was o2.3 mL.
Intragastric catheters were made using two sections of PE 10 (0.28 mm ID, 0.60 mm OD, Becton Dickinson, Sparks, MD, USA) and a 30-gauge connector (Figure 2 ). The connector was made from a 30-gauge needle (Becton Dickinson, Sparks, MD, USA) and bent into a U-shape. A guide for the intragastric catheter was made from PE 90 (0.86 mm ID, 1.27 mm OD, Becton Dickinson, Sparks, MD, USA) by cutting a 50 mm long slit.
Lateral tail vein catheterization
Both lateral tail veins can be catheterized in the mouse for simultaneous infusion and sampling. We prefer to infuse through a proximal catheter and sample from a distal one, placed in the contralateral vein. Animals were immobilized by taping the tail to an 18 cm Â 7 cm plexiglass rectangle and by fastening a restraint tube (125 mL halfNalgene bottle) using rubber bands (Figure 3) . The tail was then washed and immersed in warm water (451C) for approximately 45 s to dilate the tail veins. After this, the tail was cleaned and wiped with ethanol. The plexiglass rectangle was placed on a wooden block with an 801 slit from the horizontal, to maintain the right lateral vein in the 'up' position ( Figure 3 ). In this way only one person is required to handle and catheterize the animals. A 27-gauge needle connected by PE 10 tubing to a 1 mL salinefilled syringe was inserted into the right lateral vein approximately 2 cm from the body and its intravascular position confirmed by drawing blood. The needle was then removed and a saline-heparin (SH; 150 IU/mL) filled catheter introduced through the puncture. Advancing the wire guide approximately 1-2 mm facilitated finding the puncture site.
Proper position of the catheter in the vein was verified by the observation of blood backflow. The catheter was then secured to the tail using cyanoacrylate glue (Loctite, Avon, OH, USA) at the point of insertion. After flushing the catheter with SH solution, the catheter was capped with a 27-gauge plug. The procedure was then repeated and the second catheter placed in the left lateral tail vein approximately 2 cm from the end of the tail. If only one catheter is needed, the distal catheterization is preferred, and if problems arise, the site of the catheterization can be moved forward.
Intragastric catheter placement
The mouse was immobilized by an assistant by grasping the skin at the neck and back area and stretching the body of the animal by gently pulling its tail. In this way the mouth, pharynx and oesophagus are aligned. The distance between the corner of the mouth and the last rib was measured and the intragastric catheter was cut to this length. The catheter was then placed through the slit into the PE 90 guide. An opened paper clip was used to open the animal's mouth, preventing the mouse from biting down and severing the tubing. As the catheter approached the pharynx, the mouse swallowed facilitating the entry of the catheter into the oesophagus. With the catheter in place, the guiding tube was removed and the intragastric catheter glued to the corner of the mouth with cyanoacrylate. The tubing was placed around the neck and glued to the back of the head (Figure 4) . The mouse was then immobilized by taping the tail to a plexiglass rectangle and transferred to the infusion cage.
Infusion cage
The 18 cm Â 7 cm plexiglass rectangle fits into an 8.5 cm Â 24 cm chamber with a sliding vertical gate. The tail remains outside the chamber through a hole at the bottom of the sliding gate. In this way, the mouse is not able to reach and gnaw the restraining tape. Water, bedding and feed are then added to the chamber. If blood sampling is needed, the tail is rested on a heating pad to increase blood flow.
Validation Different protocols were followed to assess the catheterization procedure. Doublelabelled urea ( 15 N 15 N-urea; Cambridge Isotopes Laboratories, Inc, Andover, MA, USA) was infused in the animals and multiple blood samples obtained. Urea metabolism and kinetics in normal and mutant animals are discussed elsewhere (Marini et al. 2006) .
Single dose and multiple sampling
A single infusion/sampling catheter was put in place, the animals were heparinized with 50 mL of a 500 IU/mL heparin-saline solution, and a background blood sample collected. A single dose of 15 N 15 N-urea (165 mg in 9 mL pyrogen free dd H 2 O) was then given, followed by 150 mL of SH solution. Sampling started immediately from the same catheter, usually by collecting 10 samples during the first 3 min. Timed samples, at 5, 10, 15, 20, 25, 30, 40, 50 and 60 min were also obtained. Blood samples (approximately 3 mL) were collected directly into a 1.5 mL Eppendorf tube and haemolyzed immediately with 100 mL of dd H 2 O.
Continuous infusion and multiple sampling
The double catheterization procedure was followed, infusing through the proximal and sampling from the distal catheter. Animals were heparinized as described above and a background sample collected. A solution of double-labelled urea (3.5 mg 15 N 15 N-urea per mL of a SH solution) was infused at a rate of 50 mL/h using a syringe-pump (PHD 2000, Harvard Apparatus, Holliston, MA, USA). Samples were collected from the distal catheter at 1.5, 3, 4, 5 and 6 h, after flushing the catheter with SH. Samples were immediately haemolyzed with 100 mL dd H 2 O and frozen until analysis.
Intragastric infusion and multiple sampling
A single catheter was put in place in a lateral vein, followed by the intragastric catheter. Mice were heparinized as described before and a background sample taken. Intragastric infusion of double-labelled urea (3.0 mg 15 N 15 N-urea per mL of dd H 2 O) at a rate of 120 mL/h then followed. Blood samples were collected at 1.5, 3, 4, 5 and 6 h, and treated as described above. Mice were decapitated at the end of the experiments and blood collected for analysis.
Sample analysis
Samples were deproteinized by adding 100 mL acetone, vortexing and placing them overnight at 41C. Samples were then centrifuged at 1500 Â g for 15 min, and the supernatant transferred to a new Eppendorf tube. After the addition of 50 mL of isooctane, samples were emulsified by vortexing, followed by a second centrifugation at 1500 Â g for another 15 min. The bottom layer, containing the urea, was transferred to a 1 mL V-vial (Wheaton, Millville, NJ, USA) and the acetone was evaporated in a dry heat bath at 801C under a continuous flow of nitrogen gas. The remaining residue was derivatized with 30 mL of MTBSTFA (Sigma Aldrich, St Louis, MO) and acetonitrile in a 1:1 proportion at 801C for 20 min. An Agilent 5973 MSD system in electron impact mode was used to analyse the samples, monitoring m/z ions 231 and 233.
Statistical analysis
Nonlinear regression (NLREG; Sherrod 2003) was used to fit a multiexponential model to the single tracer dose data.
where Y t is the observed blood urea enrichment (mpe) at time t, n is the number of terms and i is the term number, and the constants A i and rate constants b i are the fitted parameters. Best fit was determined by visual inspection of the residuals rather than by 'improvement' of the coefficient of determination.
The following broken-line model was fitted to the continuous infusion data using NLREG
where Y t is the observed blood urea enrichment (mpe) at time t; a, the intercept; b, the slope of the function; t plateau , is the breakpoint of the function (time to reach plateau).
Results and discussion
So far we have catheterized and infused over 150 animals using at least one of the three procedures described. The catheterization of the lateral tail vein can be done in less than 2 min, while the placement of the intragastric catheter takes a little longer. The intragastric tube produces some initial discomfort, but animals adjusted quickly, behaving normally within a few minutes. On the other hand, no signs of discomfort were evident due to tail vein catheterization. One advantage of these non-invasive catheterization protocols is that animals do not need to recover and can be used immediately. The success rate of the single lateral tail vein catheterization is virtually 100%. The lateral tail veins are easier to visualize in albino than in pigmented animals, and we recommend using an albino mouse strain before attempting catheterization in pigmented mice. Initial success rates can also be increased by applying a tourniquet at the base of the tail, after immersing it in hot water, and by removing the hair from the tail with a hair remover.
The placement of the proximal catheter for the dual catheterization protocol is a little more difficult than the distal one. We have observed that in some cases the sampling catheter 'sniffs' from the infusion catheter, giving erratic and unreasonably high enrichment values. Nevertheless, the dual catheterization is seldom needed; the main use of this procedure is the establishment of an infusion protocol and the determination of the time needed to reach enrichment plateau values. Once the length of infusion is determined, the single catheterization procedure followed by a terminal sample obtained by decapitation is recommended.
Although the placement of the intragastric catheter usually does not present any difficulty, maintaining it in place is more challenging and depends on the correct gluing to the side of the face. For this reason, a proper restraint technique is crucial due to the close proximity of the eye.
The single 15 N 15 N-urea bolus dose and multiple blood sampling protocol yielded a biexponential curve (Figure 5 ), similar to that observed in humans (Matthews & Downey 1984) . Rapid equilibration occurred within approximately 3 min of the injection of the tracer, followed by a slower decay. This decay indicates the disappearance of the tracer by excretion in the urine and transfer into the gastrointestinal tract. Both compartmental and non-compartmental (stochastic) models can be applied to the data obtained.
The continuous infusion and multiple sample protocol showed that the pseudoplateau urea enrichment was achieved by 4 h after the start of the infusion for both the lateral vein ( Figure 6 ) and intragastric route (Figure 7 ). Once the time necessary to reach plateau is determined, a single sample is needed to estimate urea production. In this case not only is the number of samples reduced, but also larger sample volumes can be obtained. The infusion protocol can then be modified to include a priming dose, which reduces the time needed to reach plateau and the restraint imposed on the experimental animals.
Because feed consumption during continuous infusion is unreliable, the ability to infuse nutrients in order to achieve a welldefined 'fed' state is highly desirable in metabolic studies. We infused intravenously up to 2 mL/100 g body weight per hour of hypertonic solutions (860 mosm, Travasol 5.5%, Baxter Health Care Corporation, Deerfield, IL), which corresponds to approximately two times the normal rate of nitrogen intake in mice. Nutrients can also be infused intragastrically. Furthermore, the simultaneous intragastric and intravenous infusion of tracers will allow for the study of first pass metabolism in intact animals and provides useful information on the absorption and use of nutrients in conscious animals.
These procedures are not restricted to older, and therefore larger, animals. Utilizing the techniques described, we have successfully catheterized and infused B6EiC3Sn a/A-Otcospf-ash4mice, which present dwarfism, weighing less than 7 g. The procedures described above offer several advantages for the metabolic phenotyping of mice. They are inexpensive, fast and non-invasive. Further, they allow for the immediate use of experimental animals, increasing throughput and eliminating the complications arising from surgical methods. In addition, the ability to obtain multiple samples from the same animal, instead of a single sample from multiple animals, is better for statistical reasons, and also reduces considerably the number of animals required. It also allows for better use of knockout and transgenic animals, which 
